The present work reports the results of a reinvestigation of the ␥ liquidus and solidus temperatures of the Ni-Al system and the ␥ /Ni 5 Zr eutectic reaction temperatures in the Ni-Al-Zr system. In the Ni-Al binary system, it is found that the stability of the Ni-rich ␥ solid solution phase is enhanced by small additions of Al with the melting temperature of the ␥ phase and that the melting temperature reaches a congruent maximum at a few at.% Al. The temperature of the eutectic reaction L → ␥ ؉ Ni 5 Zr in the Ni-Zr binary edge is confirmed to be 1196 ؇C by differential thermal analysis (DTA), rather higher than the value reported previously. The reaction temperature increases with Al addition to reach or exceed 1206 ؇C, forming a "saddle point," then decreasing to reach 1187 ؇C or below by flowing into a ternary invariant reaction. These findings can be explained by ␥ /liquid equilibrium in the Ni-Al binary system. addition on the temperature of the eutectic reaction L → ␥ ϩ
Introduction
Ni 5 Zr in the Ni-Al-Zr ternary system was also evaluated.
For the development of modern Ni-based superalloys with excellent high-temperature mechanical properties, the Ni(␥)/
Experimental Details
Ni 3 Al(␥Ј) equilibrium in the binary Ni-Al system has been investigated. Recently, single-crystal superalloys have come
The nominal compositions of the experimental alloys are into use, and the information on the ␥ /liquid equilibrium has listed in Table 1 . All the specimens were arc-melted from become of importance for controlling the growth of detectraw materials of 99.95 mass.% Ni, 99.99 mass.% Al, and free single crystals without segregation. Moreover, such 99.6 mass.% Zr in purity, respectively, followed by a homogeinformation is also of importance for defining a temperature nization treatment at 1000 ЊC for 1 day for Ni-Al binary range for the solid solution treatment prior to the aging treatalloys and for 6 days for Ni-Al-Zr ternary alloys in evacuated ment for ␥Ј precipitation; this latter consideration is applicaquartz tubes. No significant weight change was detected after ble to both single and polycrystals.
the arc melting or the homogenization heat treatment so Recently, thermodynamic calculation software has been nominal compositions were used. significantly improved and is being applied for designing Differential thermal analysis (DTA) was carried out with alloys from a compiled database. Thus, the accuracy and a Rigaku Thermoflex (Rigaku International Corp., Tokyo, applicability of the calculation depends on the reliability of Japan) model TG8110D. Each cylindrical specimen of the database. For establishing more reliable databases, both approximately 3 mm diameter and 4 mm length was placed theoretical and experimental studies need improved preciin an Al 2 O 3 crucible and first heated and then cooled at a sion. To this end, the present investigation was made to rate of 0.17 K/s in the first sequence and 0.08 K/s in the improve the definition of phase boundaries in the Ni-rich second sequence under a flowing Ar atmosphere. Occurence regions of the Ni-Al binary and Ni-Al-Zr ternary systems.
of events during heating and cooling, which were detected One of the authors [1999Miu] has reported that small by characteristic peaks in a DTA chart, are shown in Fig. 1 additions of Zr to a Ni-Al alloy with only a few at.% Al from the previous study [1999Miu] ; events in each alloy of caused a temperature maximum in the ␥ /liquid equilibrium.
the present study could be identified as a solidus temperature, Hilpert et al. [1987Hil] have also reported that the ␥ /liquid a liquidus temperature, and a ␥ -solvus temperature or a eutecequilibrium temperature of an Ni-Al alloy of 4 at.% Al has tic reaction. Melting points of Ni and Au were also measured almost the same melting point as Ni. These experimental occasionally for calibration. results strongly support the existence of congruent melting As the difference between the melting point between pure of the ␥ Ni-solid solution in the Ni-Al binary system at an Ni and the melting point of a dilute Ni-solid solution with Al concentration of 4 at.% or less. The present study was Al is small, the temperature difference during heating and made to precisely determine the ␥ /liquid phase equilibrium cooling was measured by replacing a reference specimen (an in the Ni-Al binary system and the effect of Zr additions on Al 2 O 3 powder compact) with pure Ni. In this case, the DTA the ␥ -liquidus and solidus temperatures. The effect of Al curve was obtained by subtracting the DTA curve for pure Ni from that for the Ni-solid solution; then, the difference 
Results and Discussion
Stability of ␥ -Ni Solid Solution against Liquid Phase in the Ni-Al Binary System Figure 1 shows a DTA curve illustrating the difference between the melting points of pure Ni and Ni-1 at.% Al. The (b) melting of Ni at 1456 ЊC in this chart was detected as an [1987Hil, 1988Bre, 1996Wei, 1999Miu] reference sample position. At 1463.9 ЊC, the DTA curve also reproduced from [1999Miu] . The ␥ -liquidus and solidus curves by shows an occurrence of endothermic reaction, corresponding [1990Sin] and [1999Miu] are shown by dotted lines and dashed to the melting of the Ni-1 at.% Al alloy. This indicates that lines, respectively. (b) Results of the present study on ␥ /liquid phase the melting point of Ni-1 at.% Al alloy is 8 ЊC higher than equilibrium. Shown are also the data by Hilpert et al. [1987Hil] and Miura et al. [1999Miu] the melting point of pure Ni. The liquidus and solidus temperatures of the alloy are very close. In the cooling sequence, an exthothermic reaction at 1462.3 ЊC was observed. In this Figure 2 (a) summarizes the previous works [1987Hil, 1988Bre, 1996Wei, 1999Miu] on both ␥ liquidus and solidus sequence, pure Ni solidified at about 1315 ЊC with large supercooling of about 140 ЊC.
curves evaluated by [1990Sin] and [1999Miu] . Proposed
